Abstract Purpose: The PALB2 gene has an essential role in BRCA2-mediated DNA double-strand break repair and intra^S phase DNA damage checkpoint control, and its mutations are moderately associated with breast cancer susceptibility. This study was designed to investigate the common variants of PALB2 and their association with breast cancer risk. Experimental Design: Four single nucleotide polymorphisms (SNP; rs249954, rs249935, rs120963, and rs16940342) which tagged all 19 of the reported SNPs (minor allele frequency >0.05) covering PALB2 were selected and genotyped in 1,049 patients with breast cancer and 1,073 cancer-free controls in a female Chinese population. Results: Based on the multiple hypothesis testing with the Benjamini-Hochberg method, tagging SNPs (tSNP) rs249954, rs120963, and rs16940342 were found to be associated with an increase of breast cancer risk (false discovery rate^adjusted P values of 0.004, 0.028, and 0.049, respectively) under the dominant model. tSNP rs249954 was associated with a 36% increase of breast cancer risk [adjusted odds ratio (OR), 1.36; 95% confidence intervals (CI), 1.13-1.64; P = 0.001; TT/TC versus CC genotypes]. The adjusted OR for rs120963 was 1.25 (95% CI, 1.04-1.49; P = 0.014; CC/CT versusTT genotypes). For rs16940342, the adjusted OR was 1.21 (95% CI, 1.02-1.45; P = 0.037; GG/GA versus AA genotypes). Based on an additive model, tSNPs rs249954 and rs120963 were associated with an increase of breast cancer risk (P = 0.005 and 0.019; respectively), with the false discovery rate^adjusted P values being 0.020 and 0.038, respectively. Conclusions: Our data suggest that the variants of PALB2 confer low-penetrance breast cancer susceptibility in a Chinese population.
Breast cancer is the most common cancer of women, with an estimated 178,000 new cases and 40,000 deaths in the United States in 2007 (1) . Although the incidence of breast cancer in China is one-fifth of that in the United States, there has been a recent increase in the incidence of this disease (2, 3) . The incidence of breast cancer is about twice as common in women with first-degree relatives affected by the disease compared with the general population, and the risk ratio increases with increasing numbers of affected first-degree relatives. This indicates that hereditary factors are involved in the development of breast cancer (4) . In the 1990s, mutations of BRCA1, BRCA2, and TP53, which confer a high risk (5-to 10-fold) of breast cancer, were identified (5 -7). However, these mutations account for less than 5% of all patients with breast cancer, and less than 25% of those with familial cancers (8) . Moderatepenetrance mutations of CHEK2, BRIP1, and ATM, which are rare but interact with BRCA1 and/or TP53, confer a 2-fold risk of breast cancer, have also been identified (9 -11) .
Breast cancer susceptibility is thought to be associated with a ''polygenic'' model, in which a number of loci contribute to susceptibility, with each locus contributing only a small effect (12) . Obviously, common variants of the abovementioned six genes are good candidates for breast cancer susceptibility. Their associations with breast cancer have been evaluated by a number of research groups, but studies have found conflicting results or no significant association (13) (14) (15) (16) (17) (18) (19) (20) . To date, several genomewide association studies have been accomplished in which several novel susceptibility loci have been identified (21 -24) .
Fanconi anemia (FA) is an autosomal recessive disorder characterized by cellular hypersensitivity to DNA cross-linking agents and predisposition to cancer (25) . Biallelic BRCA2 mutations cause the D1 subtype of FA, and the phenotype of this subtype is different from other types, with a high risk of childhood solid tumors (26) . Two research groups recently identified a new subtype of FA, FA-N, which has a similar phenotype as FA-D1 but lacks BRCA2 mutations (26, 27) .
PALB2 (partner and localizer of BRCA2), a nuclear partner of BRCA2, is required for the intranuclear localization and stability of BRCA2 to execute its functions in error-free DNA double-strand break repair by homologous recombination and checkpoint control in intra -S phase DNA damage processes (28) . Reduction of the expression of PALB2 by small interfering RNA, similar to a BRCA2 small interfering RNA, sensitized HeLa cells to mitomycin C, and resulted in a phenotype typical of FA (28) . Because the defects in PALB2 were related to this new FA subtype, and affected subjects had a tendency to develop childhood cancer, PALB2 is also known as FANCN (FA complementation group N). In a subsequent study in the United Kingdom, monoallelic truncating mutations of PALB2 were found to be associated with a 2.3-fold increased risk of breast cancer in individuals with familial breast cancer (29) . In Finland, a new PALB2 mutation, found in patients with or without a family history of breast cancer, conferred a 4-fold increased risk (30) . Other studies have also found that truncating mutations in PALB2 conferred a moderate risk (31, 32) . These data indicate that PALB2 mutations are moderatepenetrance susceptibility factors for breast cancer. Still, these mutations are rare, they occur in less than 1% of unselected breast cancers, and in less than 3% of patients with familial breast cancers (29 -32) .
Considering the fact that PALB2 is important for FA and DNA double-strand break repair, common variants of PALB2 are candidates for genetic susceptibility to breast cancer. However, no previous study has investigated common single nucleotide polymorphisms (SNP) of PALB2 for association with breast cancer susceptibility. In the present study, we analyzed common SNPs of PALB2 and their associations with breast cancer risk in a case-control study using a SNPtagging method.
Translational Relevance
Although many genetic and environmental factors have been suggested to be involved in the etiology of breast cancer, the underlying molecular and genetic mechanisms are not fully understood. The present investigation is a continuation of our efforts to determine the genetic risk factors involved in the development of human breast cancer. In this study, we identified several common PALB2 polymorphisms that confer low-penetrance susceptibility to breast cancer. Our findings support the concept that genetic variants of the PALB2 gene confer breast cancer susceptibility and that this gene can be a potential target for the prevention and treatment of breast cancer. This discovery also offers an opportunity to use PALB2 as a biomarker in disease prediction and diagnosis of breast cancer. In addition, PALB2 variants, as personal genetic/ genomic profiling factors, can be used to predict cancer predisposition, leading to personalized approaches to cancer prevention and/or clinical management. Thus, these results may be applied to future clinical and basic cancer research and practice for improvements in the diagnosis, prevention, and treatment of breast cancer. 
Materials and Methods
Study participants. In this study, 1,058 patients with clinically confirmed breast cancer were recruited from the Departments of Breast Surgery of the Cancer Hospital of Jiangsu Province (Nanjing), the First Affiliated Hospital of Nanjing Medical University, and the Nanjing Gulou Hospital, Jiangsu Province, China, between January 2004 and May 2007. A vast majority of participating subjects were included in a previously published study (33) . All subjects were genetically unrelated ethnic Han Chinese women from hospitals in Nanjing City and surrounding regions served by these hospitals. Patients with a previous history of cancer, metastatic cancer, or previous radiotherapy or chemotherapy were excluded. The 1,078 cancer-free controls were ethnic Han Chinese women frequency-matched to the cases based on age (F5 years) and residential area (urban versus rural). These women were randomly selected from a pool of 20,000 individuals participating in a community-based screening program for noninfectious diseases conducted in Jiangsu Province from 2004 to 2005. All subjects provided a 5-mL venous blood sample. After informed consent was obtained, each participant was personally interviewed by trained interviewers using a pretested questionnaire to obtain information about demographic data, menstrual data, reproductive history, and the cancer history of first-degree relatives (parents, siblings, and children). If firstdegree relatives had a history of any kind of cancer, it was recorded as ''yes'', whereas patients without any first-degree relatives with a cancer history were marked as ''no.'' The study was approved by the Institutional Review Board of Nanjing Medical University.
Selection of tag SNPs for PALB2. The PALB2 gene, which is f38 kb long and is located on chromosome 16p12.1, contains 13 exons and 12 introns and encodes 1,186 amino acids [f130 kDa; National Center for Biotechnology Information (NCBI) database]. The 5 ¶-end of PALB2 is f130 bp from the 5 ¶-end of DCTN5 (dynactin 4), and the 3 ¶-end of PALB2 is f7 kb from the NADH dehydrogenase 1 (NOUFAB1). There have been 183 SNPs reported in the dbSNP database, 3 none of which are the common SNPs [i.e., minor allele frequency (MAF) > 0.05] in the coding regions or in the promoter region for Asian populations. Based on the HapMap CHB database (HapMap data, Rel 22/phase II Apr07, on NCBI B36 assembly, dbSNP b126; population: Han Chinese in Beijing, China; MAF are >0.05) and the NCBI database (MAF >0.05 in the Chinese population), we identified 18 common SNPs in the PALB2 gene (including the region f300 bp upstream from the 5 ¶-end, the whole PALB2 gene sequence and f6.5 kb downstream the 3 ¶-end; f45 kb total). The HapMap database region was chr16:23515500.23560521 for tagging SNPs (tSNP) selection. In addition, a new common variant, rs13330119, was recently identified in this region based on the recently updated HapMap database (HapMap data, Rel 23a/phase II Mar08, on NCBI B36 assembly, dbSNP b126). We applied the criterion that Table 1 . Primary information of the genotyping procedure for tSNPs of the PALB2 gene tSNP* Amplification PCR primer PCR product (bp) Extension primer (45 bp)
5 ¶-ACGCACGTCCACGGTGATTTTGCA-AAAATAGGTAGCAGGCTGCTC-3 ¶ * rs249935 tagged rs414000, rs447529, rs463804, rs484226, rs463399, rs249932, rs811892, rs513313, rs249942, rs425629, and rs465017; rs120963 tagged rs12162020 and rs3096145; rs249954 tagged rs420259; and rs16940342 tagged rs13330119, according to the HapMap data (Rel 23a/phase II Mar08), on NCBI B36 assembly, dbSNP b126 CHB database. 4 to select tSNPs. Four SNPs (rs120963, rs249935, rs249954, and rs16940342) were selected as tSNPs for the association analysis with a mean r 2 being 0.958 according to the updated database. The linkage disequilibrium (LD) between the 19 common variants is shown in Fig. 1 .
DNA isolation and genotyping. Genomic DNA was extracted from leukocytes by proteinase K digestion followed by phenol-chloroform extraction and ethanol precipitation. The tSNPs of PALB2 were genotyped using the GenomeLab SNPstream 12-plex Genotyping System (Beckman Coulter, Inc.) following the manufacturer's instructions. This platform uses a single base pair extension reaction to incorporate two-color fluorescence terminal nucleotides which are detected by a specialized imager (34) . This high-throughput method has been previously validated (35, 36) . Briefly, a 100 to 150-bp DNA sequence including each tSNP site was amplified from the genomic DNA using HotStar Taq DNA Polymerase (Qiagen, Germany) in a multiplex PCR. Primers for each tSNP are listed in Table 1 . The PCR products were purified with exonuclease I (U.S. Biochemical Corporation) and shrimp alkaline phosphatase (U.S. Biochemical Corporation). After the purification step, an extension primer (Table 1) for each tSNP was used, together with the extension mix (Beckman Coulter) to make a specific extension product, which was then hybridized with the SNPware Plate (Beckman Coulter). The plate was screened by the specialized imager of this SNPstream system, and the genotype data were analyzed by GenomeLab SNPstream version 2.2 software (Beckman Coulter). To ensure genotyping quality, we added 24 (6.25%) randomly selected replications and 4 blanks for each 384-well plate and found a concordance rate of >99%. For each loci assayed, nine cases and five controls were excluded in further analyses for fail genotyping, the final analyses included 1,049 cases and 1,073 controls.
Statistical methods. Differences in demographic characteristics and selected variables were evaluated with the m 2 test (for categorical 
variables) and Student's t test (for continuous variables). The m
2 test (1 df) was used to assess the Hardy-Weinberg equilibrium for each tSNP of the PALB2 gene. Unconditional logistic regression was used to compare the genotype frequencies of each tSNP between cases and controls. The common homozygote was used as the reference to calculate genotype-specific odds ratio (OR) and its 95% confidence intervals (CI) with adjustment for age, menopausal status, age at menarche, and first-degree relatives family history under the three assumed (additive, dominant, and recessive) models. The trend test was also carried out in the analysis. We carried out multiple hypothesis testing using the Benjamini-Hochberg method to control the false discovery rate (FDR) in the unconditional logistic regression analysis (37) . An FDR of 0.05 was used as a critical value to assess whether the obtained P values were significant. For the three tSNPs with FDRadjusted P < 0.05, their association with breast cancer risk was analyzed with stratification by age, menopausal status (premenopausal or postmenopausal), age at menarche (below or above 16), and firstdegree relative cancer history (yes or no) under the dominant model. All statistical analyses were done with Statistical Analysis System software (v.9.1.3e; SAS Institute).
Results
In general, we found a significant difference between cancer patients and controls with regard to the age at menarche (P < 0.0001), age at their first live birth (P < 0.0001), and the existence of a first-degree relative with a history of cancer (P < 0.0001; Table 2 ). The call rate of each tSNP was >90%, and the Hardy-Weinberg equilibrium test for each tSNP passed at the P = 0.05 level (Table 3) .
Three tSNPs were significantly associated with breast cancer risk under the additive model ( Table 3 ). The association for tSNP rs249935 was not significant (P = 0.221), whereas the association between tSNP rs249954 and breast cancer risk was the strongest (adjusted OR, 1.33; 95% CI, 1.01-1.75 for the TT genotype and adjusted OR, 1.37; 95% CI, 1.13-1.66 for the TC genotype; Table 3 ), compared with the common homozygote CC (P = 0.005 and P-trend = 0.006). The tSNP rs120963 was also associated with an increased risk of breast cancer (adjusted OR, 1.49; 95% CI, 1.08-2.05 for CC and adjusted OR, 1.20; 95% CI, 0.99-1.45 for CT compared with the TT genotype; P = 0.019; Table 3 ) in a dose-dependent manner (P-trend = 0.007). The tSNP rs16940342 showed a marginal association with breast cancer risk (P = 0.050) without an obvious trend (P-trend = 0.115). However, after being determined by multiple hypothesis testing, only rs249954 and rs120963 were found to be associated with breast cancer risk, with the FDR-adjusted P values being 0.020 and 0.038, respectively.
Under the assumption of a dominant model, tSNPs rs249954 and rs129063 were associated with increased breast cancer risk (P = 0.001 and 0.014, respectively; Table 3 ) with FDR-adjusted P < 0.05 (adjusted P = 0.004 and P = 0.028 for rs249954 and rs120963, respectively). tSNP rs16940342 also showed a significant risk association (adjusted OR, 1.21; 95% CI, 1.02-1.45; P = 0.037; Table 3 ), and had a FDR-adjusted P < 0.05 (adjusted P = 0.0493), indicating that G is another allele that associated with breast cancer risk. Under the assumption of a recessive model, only tSNP rs120963 showed a marginal association (P = 0.041) with an adjusted OR of 1.37 (95% CI, 1.01-1.85). However, based on the multiple hypothesis testing, this association was not significant (FDR-adjusted P = 0.164).
No significant association between rs249935 and breast cancer risk was detected under either of the assumptions (P = 0.216 and 0.392, respectively; Table 3 ).
We stratified the three positively associated tSNPs by selected factors: age, age at menarche (below or above 16), menopausal status (premenopausal or postmenopausal), and whether the subject had a first-degree relative with a history of cancer (yes or no) for further exploration of the association of PALB2 variants with breast cancer risk based on a dominant model (Table 4) . We found that the association of rs249954 with breast cancer risk was more evident in the subjects with an age at menarche of >16 (adjusted OR, 1.54; 95% CI, 1.19-2.00) and those without a first-degree relative with a history of cancer (adjusted OR, 1.37; 95% CI, 1.10-1.69). The associations between rs120963 or rs16940342 and breast cancer risk were also stronger in participants with an age at menarche of >16 (adjusted OR, 1.29; 95% CI, 1.00-1.66 for rs120963 and adjusted OR, 1.32; 95% CI, 1.03-1.69 for rs16940342) and those without a first-degree relative with a history of cancer (adjusted OR, 1.26; 95% CI, 1.02-1.56 for rs120963 and adjusted OR, 1.23; 95% CI, 1.00-1.51 for rs16940342). On the other hand, only rs120963 was strongly associated with premenopausal women (adjusted OR, 1.32; 95% CI, 1.02-1.72).
Discussion
We used a tagging approach to evaluate the associations between the common variants of PALB2 and breast cancer risk. Based on the HapMap CHB database, a region of about 45 kb covering the whole PALB2 gene was analyzed; the SNPs identified in the PALB2 region were consistent with those reported in the NCBI database. 3 For the present study, four SNPs with a mean correlation of 0.959 were selected from 19 tagged common SNPs. Our data showed that tSNPs rs249954 and rs120963 were associated with breast cancer risk when an additive model was used. Based on a dominant model, three of the four tSNPs (rs249954, rs120963, and rs16940342) were significantly associated with breast cancer risk in the single-locus analysis. Even after adjustment for multiple testing, these three tSNPs were still significantly associated with breast cancer risk, with a FDRadjusted P < 0.05. SNP rs249954 tags SNP rs420259 (r 2 = 1, D ¶ = 1), which was reported to be associated with the risk of bipolar disorder (P = 6.29 Â 10 -8 ) following a genome-wide association study of cases from the United Kingdom (38) . This indicates that diseases may share some fraction of genetic factors. Because SNP rs249954 is located in intron 6 and rs420259 is in intron 9 of the PALB2 gene, it is uncertain which one of these two variants is the cause of the increase in breast cancer risk. In order to identify additional SNPs that may be in high LD with these two sites that could be associated with breast cancer risk, we screened all of the common variants (with MAF > 0.05) within an approximately 200-kb-long region around these two sites (f100 kb upstream and f100 kb downstream of these loci) based on the CHB HapMap data resource (HapMap data, Rel 23a/phase II Mar08, on NCBI B36 assembly, dbSNP b126). We did not find any SNPs that correlated with these two loci under the ''r 2 > 0.80'' level. This indicates that the association identified here may be unique. tSNP rs120963 is f6.5 kb from the 3 ¶-end of PALB2, but it is in complete LD with SNP rs3096145 (r 2 = 1, D ¶ = 1) and in high LD with rs12162020 (r 2 = 0.896, D ¶ = 0.947) of the 3 ¶-end near the PALB2 gene; therefore, it is highly likely that the 3 ¶-end near gene SNP rs3096145 of PALB2 may be the causal variant. Nevertheless, we cannot exclude the possibility that SNPs in other genes (such as rs152460 and rs152454 in gene UBPH, f30 kb from PALB2) found to be in high LD (r 2 > 0.80) with rs120963 within a 200 kb region around this locus may be potential sources for the observed effect. In our study, tSNP rs16940342 (in intron 4) was only marginally associated with breast cancer risk (P = 0.05, P-trend = 0.115) in an additive model. However, under the assumption of a dominant model, it showed a stronger association with breast cancer risk (adjusted OR, 1.21; 95% CI, 1.02-1.45; P = 0.037) with a FDR-adjusted P < 0.05. The newly identified common variant rs13330119 is tagged by rs16940342 with a pairwise r 2 of 0.941 and may also be the causal variant. SNP rs16940342 is located in intron 4, and rs13330119 is within intron 10 of the PALB2 gene; therefore, it is uncertain which of these two variants underlies the association with breast cancer risk. We also did not find any other SNPs in high LD with these two SNPs within a 200-kblong region based on the HapMap data (Rel 23a/phase II Mar08), on the NCBI B36 assembly dbSNP b126 CHB database. Therefore, the association we found here may be caused by one single SNP or by the combined effects of these two loci. However, further analysis is needed to validate this finding.
Of note, some intricate effects were found with the variants in the stratification study. Although we attempted to control the confounding factors for the cases and controls used in the study, the definition of cancer family history used in the study may be too broad. Positive definition of family history-if first-degree relatives had a history of any kind of cancers, family history was recorded as ''yes''-may be too broad and makes it difficult to interpret the subsequent observation of an increased breast cancer risk of ''at-risk'' genotypes (under the dominant model) in individuals with no family history of cancer. In future studies, a better-defined family history should be used.
In summary, there were low-penetrance effects of PALB2 variants on breast cancer risk in a Chinese population. Because the etiologic roles of these variants are unknown, their biological functions, and the functions of the variants in LD with the investigated variants, require further validation and mechanistic studies. To the best of our knowledge, this is the first study to evaluate the common variants in PALB2 and their association with breast cancer risk. To confirm our findings, larger epidemiologic studies with ethnically diverse populations are warranted.
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